So far, many different types of systems, not only water/oil twophase systems, 2-8 but also water/oil/water three-phase systems, 9-15 and gas/liquid interfaces, [16] [17] [18] [19] [20] [21] [22] [23] have been developed and eagerly investigated over the last few decades. In most cases, the oscillation pattern appeared in an interfacial electrical potential, and its behavior has been explained in terms of the chemical reaction at the liquid/liquid interface. However, in spite of the extensive research mentioned above, a consensus does not seem to have been reached so far. This may be due to the fact that it is very difficult to examine the reaction on the interface alone with accuracy. On the other hand, the movement of the interface has also been referred to many times. However, it was simply explained as a kind of instability of interfacial tension in most cases and was not discussed in detail.
Introduction
Chemical oscillations at the liquid/liquid interface are interesting phenomena because they are closely related to fundamental processes in physical chemistry and industrial applications, for instance, the adsorption and desorption of ions and the transport of materials. Therefore, there have been many reports since the first experiment by Dupeyrat and Nakache. 1 So far, many different types of systems, not only water/oil twophase systems, [2] [3] [4] [5] [6] [7] [8] but also water/oil/water three-phase systems, [9] [10] [11] [12] [13] [14] [15] and gas/liquid interfaces, [16] [17] [18] [19] [20] [21] [22] [23] have been developed and eagerly investigated over the last few decades. In most cases, the oscillation pattern appeared in an interfacial electrical potential, and its behavior has been explained in terms of the chemical reaction at the liquid/liquid interface. However, in spite of the extensive research mentioned above, a consensus does not seem to have been reached so far. This may be due to the fact that it is very difficult to examine the reaction on the interface alone with accuracy. On the other hand, the movement of the interface has also been referred to many times. However, it was simply explained as a kind of instability of interfacial tension in most cases and was not discussed in detail.
As far as we know, a precise discussion on the hydrodynamic effect was limited to some reports. 4, [16] [17] [18] [19] [20] [21] [22] [23] Because the movement of liquid can cause a flow of liquid near the interface and substantially change the mass transfer, it is important to understand how the instability at the interface was generated and the movement of the interface occurred. Therefore, we focused not only on the interfacial tension or electrical potential, but also on the movement of the interface in the chemical oscillation system, and tried to clarify the hydrodynamic effects. In order to measure the interfacial tension, we employed a timeresolved quasi-elastic laser-scattering (QELS) method developed by our research group. [24] [25] [26] [27] The QELS method allows noncontact and nonperturbative measurements of the dynamic interfacial tension. Therefore, it is useful for studying an oscillation system where hydrodynamic effects have important roles.
In another study, we investigated the chemical oscillation with the adsorption and desorption of surfactant (sodium-dodecylsulfate, SDS) ions at a water/nitrobenzene interface. 8 In this paper, we use the term "oscillation" when an abrupt change of a physicochemical parameter, for instance, the interfacial potential and interfacial tension, is discussed. Therefore, the oscillation does not always mean a periodic phenomenon. The oscillation consisted of a sequence of abrupt adsorptions and, after that, a slow desorption of surfactant ions occurred (relaxation processes). We discovered that the oscillation The oscillation of the interfacial tension and electrical potential at a water/nitrobenzene interface was observed with homologous anionic surfactant molecules, sodium-alkyl-sulfates. Concerning small molecules with a short hydrophobic carbon chain, the oscillation period and amplitude decreased with a decrease of the length of the alkyl chain. On the other hand, when surfactant molecules with a long hydrophobic carbon chain were used, no remarkable periodic oscillation occurred after the first oscillation. In all systems, an interfacial flow by Marangoni convection was observed when the oscillation took place. By monitoring the movement of carbon powder scattered on the liquid/liquid interface with a CCD camera, we could observe that the liquid/liquid interface expanded outward from the area on which the surfactant molecules adsorbed when the oscillation occurred. When the small molecule was used, the speed of expansion of the interface (flow speed) was small and shrinkage followed by expansion of the interface repeatedly occurred. However, when the large molecule was used, the flow speed was large and expansion occurred only one time. These results show that hydrodynamic factors and surface activities are important in chemical oscillation systems. patterns were drastically changed solely by changing the injection speed of the aqueous surfactant solution into the water phase; when the solution was injected at a slow rate, oscillation and relaxation processes appeared periodically. Meanwhile, when it was injected at a faster rate, oscillation appeared only one time. After considering the hydrodynamic effects on these phenomena, it was clear that the Marangoni convection caused the abrupt adsorption of DS-ions to the liquid/liquid interface and that the periodicity of the oscillation depended on the magnitude of the convection. The Marangoni convection observed in the experiments mentioned above was caused by the two-dimensional heterogeneity of the interfacial tension at the liquid/liquid interface. Experiments with surfactants with different surface activity must be useful for elucidating the effects of the magnitude of the heterogeneity on the oscillation. Therefore, in the present paper, we report on oscillation phenomena with the adsorption and desorption of anionic surfactant ions at a water/nitrobenzene interface using homologous anionic surfactants, sodium-alkyl-sulfates, CnH2n+1SO4Na. We chose five kinds of surfactants; the number of carbon atoms of the hydrophobic alkyl chain were 6, 8, 10, 12, and 14, and they all had the same hydrophilic head group.
Although these experiments were conducted at the same injection rate of the surfactant solution, we observed similar phenomena to those in the example above; a periodic pattern appeared when we used a small surfactant with a short carbon chain, but it disappeared when we used a large surfactant with a long carbon chain. We investigated these phenomena through a measurement of the interfacial tension and electrical potential or photo-images using a CCD camera.
Experimental
Figures 1(a) and (b) are schematic diagrams of the experimental setup: (a) is for the QELS and an interfacial electrical potential measurement, and (b) is for an interfacial potential measurement and the capture of the interfacial images. A brief outline of the principle of the QELS method follows. An incident laser beam normal to the liquid/liquid interface was scattered quasi-elastically with a Doppler shift by a capillary wave, which was generated due to thermal fluctuations. The scattered beam was optically mixed with a local beam produced by a slit to obtain an optical beat in the mixed light. The obtained beat frequency was the same as the Doppler shift, i.e., the capillary wave frequency. The capillary wave frequency is approximately expressed by Lamb's equation based on the theory of hydrodynamics,
where γ is the interfacial tension at the water/oil interface, ρw is the density of the water phase, ρo is the density of the oil phase, and k is the wave number of the capillary wave. The capillary wave frequency ( f ) is proportional to the square root of the interfacial tension (γ ).
A liquid/liquid interface was formed by gently pouring 10 ml of an aqueous solution of 0.1 M LiCl onto 10 ml of a nitrobenzene solution of 0.1 M tetra-n-butylammoniumtetraphenylborate (TBATPB) in a cylindrical glass cell with an inner diameter of 36 mm (quartz Cell 1) with an optical flat bottom. These electrolytes, LiCl and TBATPB, were used as supporting electrolytes to measure the electrical potential (∆E)
of the water phase against the NB phase. The electrical potential was measured with a potentiometer using Ag/AgCl electrodes (RE1 and RE2) equipped with salt bridges containing an 80%-saturated aqueous solution of KCl and an aqueous solution of 0.01 M tetra-n-butylammonium-chloride (TBACl), respectively. A 10 mM sodium-alkyl-sulfate aqueous solution, which also contained 0.1 M LiCl as in the aqueous phase, was injected through a glass capillary with an inner diameter of 0.3 mm into the aqueous phase at a constant rate of 5 µl/min with the aid of a syringe pump (LMS Model 210). The tip of the capillary was located 2 mm above the liquid/liquid interface. A small quartz cell (quartz cell 2) was used in order to prevent the transmitted light scattered at the liquid/air interface from entering the photodiode. It was noted that the oscillation processes were accompanied by a flip motion of the liquid/liquid interface with a flow along the interface. Hence, we monitored the dynamic behavior of the interface using a CCD camera (ELMO, MN43H) set above the air/water interface. In the experiment, a small amount of carbon powder was scattered on the interface to obtain a clear image of the interfacial movement ( Fig. 1(b) ). The period of each frame of the image taken by the camera was 1/30 s. When the camera was used, the small cell (quartz cell 2) was removed and as a result the interfacial tension was not measured. spectrum analyzer (Sony Tektronix, Model 3056).
In the present study, the diffracted light of the sixth order was selected. The angle between the transmitted light and diffracted light was calculated numerically from the equation of the Fraunhofer diffraction; the wavelength of the capillary wave observed was found to be 35 µm.
The water used for preparing the aqueous solution was purified by a Millipore Milli-Q System. Nitrobenzene was purified by stirring with activated alumina for one day. TBATPB was prepared from a water/ethanol/acetone (1:2:7 in volume fraction) solution of sodium-tetraphenylborate (NaTPB) (Kanto Chemical; Cica Reagent) and tetra-n-butylammoniumbromide (TBABr) (Kanto Chemical; Cica Reagent) and purified twice by washing with a water/methanol (9:1) solvent and recrystallizations from ethanol/acetone (1:4) solution. Sodiumalkyl-sulfates (CnH2n+1SO4Na, n = 6, 8, 10, 12, and 14, Kanto Chemical; first grade for n = 12, Cica Reagent for n = 6, 8, 10, and 14) and LiCl (Wako; special grade) were used without further purification.
Results and Discussion
Hereafter, we use the following abbreviation, SC(n)S, for each CnH2n+1SO4Na (n = 6, 8, 10, 12, and 14). Figure 3 shows the oscillatory patterns of the ∆Ea for SC(n)S (n = 6, 8, 10, 12, and 14). In the graph, time zero means the time at which the first abrupt increase of the potential (oscillation) occurred, and the Galvani potential difference just before that time, ∆E, was 104.6 mV (n = 6), 147.5 mV (n = 8), 148.5 mV (n = 10), 139.9 mV (n = 12), and 126.7 mV (n = 14). The value of ∆Ea means the difference between the measured potential value and the above Galvani potential difference. The abrupt increase of the interfacial electrical potential (∆Ea) occurred in all of the materials from several tens to hundreds of seconds after the injection of an aqueous solution of SC(n)S. With respect to SC(6)S, SC(8)S, and SC(10)S, ∆Ea considerably decreased (relaxation process) after the oscillation, and oscillation and relaxation processes appeared repeatedly. In addition, it was found that the oscillation period decreased with the decrease in the number of the hydrophobic carbon atoms. On the other hand, with respect to SC(12)S and SC(14)S, a repetitive pattern of ∆Ea did not appear clearly after the first oscillation (small changes of ∆Ea existed; however, they were not as clear as those in SC(6)S, SC(8)S, and SC(10)S). A comparison of the amplitude of the oscillation among all of the surfactants showed that it tended to be larger with an increase in the number of carbon atoms.
The time courses of the interfacial tension difference (∆γ ) for SC(n)S (n = 6, 8, 10, 12, and 14) are shown in Fig. 4 . These results were simultaneously obtained in the experiments illustrated in Fig. 3 . ∆γ means the difference between the measured value of interfacial tension and the value of that just before the oscillation. As for SC(10)S, SC(12)S, and SC(14)S, the ∆γ decreased at the time at which the ∆Ea increased. Furthermore, the extent of the decrease became larger with the increase in the number of the carbon atoms. In this experiment, unfortunately, the first oscillation of SC(10)S was not detected by the flip motion of the interface with an interfacial convection. With respect to the systems of SC(6)S and SC(8)S, there was no significant decrease of ∆γ. This is because their surface activity of them is smaller than other surfactants. Because the decrease of ∆γ should correspond to the adsorption of surface-active ions, the oscillation in this experiment could be explained by a rapid adsorption of alkyl-sulfate ions at the liquid/liquid interface. In addition, an increase of ∆Ea could be explained by the formation of an interfacial electrical double layer by surfactant anions and its counter-ions at the interface. The gradual relaxation processes of ∆Ea and ∆γ correspond to the desorption processes of surfactant ions from the interface to the bulk phase. The mechanism of abrupt adsorption and gradual desorption processes has been discussed in another paper in detail. 8 In that paper, we found that the interfacial flow speed determined the oscillatory patterns; a fast flow tended to quench the repetitive patterns. Therefore, we tried to estimate the flow speed of the interfacial region in order to confirm whether we could also apply the above law to the SC(n)S series. To estimate the flow speed of the interfacial region directly, we captured video images of the liquid/liquid interface using a CCD camera. Figure 5 shows the time course of the interfacial potential for SC(6)S, (a), and photos of the interface, (i) -(v). The color tone of these photos was modified to make the image clear. The flow speed was derived from the derivatives by time of the time course of the expanded area where the carbon powders did not remain (in the Figs. 5 and 6, the transparent region corresponds to this area.). The time at which the oscillation started was set to zero, and the points corresponding to each photo, (i) -(v), are indicated in Fig. 5(a) . Figure 5 (i) is a photo of the start of an oscillation (0 s). Soon after that, a transparent region appeared at the liquid/liquid interface ( Fig.  5(ii), 0.3 s) . Within 1 s, the region expanded fast, (Fig. 5(iii) , 0.8 s), and its size almost reached the maximum. After the oscillation, it gradually shrank, as shown in photo (Fig. 5(iv) , 22 s), which was taken just before the second oscillation. As shown in Fig. 5(v) (23 s) , which was taken at the second oscillation, the transparent region expanded again. Comparing the time course of the interfacial potential with these photos, it could be considered that the surfactant ions adsorbed at the transparent region. From these results, the abrupt adsorption of surfactant ions at the interface could result from the adsorption of hexyl-sulfate ions transferred with the flow along the interface. This flow is the Marangoni convection, and the apparent adsorption rate would reflect the magnitude of the convection. This is in good agreement with findings in another paper of ours. 8 Next, we show another experimental result with SC(14)S. In this case, repetitive oscillatory patterns of interfacial tension and potential did not appear. Figure 6 shows the time course of interfacial potential for SC(14)S, (a), and photos of the interface, (i) -(iv). As in Fig. 5 , the points corresponding to each photo are indicated in Fig. 6(a) . Figure 6 (i) was taken when the first oscillation had just started (0 s), and Figs. 6(ii) and (iii) were taken 0.2 and 0.4 s later, respectively. As derived in the experiment mentioned above, a transparent region appeared at the interface immediately after the oscillation started, and then expanded as the interfacial potential increased. It is notable that the extremely fast movement of the interface made the linear image of carbon powders in Fig. 6 (ii). In addition, it took only 0.4 s for the electrical potential to almost reach the maximum value, which was approximately the same as the equilibrium value. At that time, the transparent region of the interface also expanded to the whole of the cross section of the glass cell. This means that the flow speed was faster than that in the SC(6)S. Here, it should also be added that we could see the weak flow for a long time not only in the interfacial area, but also in the bulk phase, even after the oscillation disappeared.
From these results, we can propose the mechanism of the oscillation phenomena below.
The origin of the first oscillation is almost the same for all materials. The capillary tip was very small in relationship to the inner diameter of the cell, and the concentration of surfactant ions near the interface below the capillary was larger than that near the wall of the cell. As a result, surfactant ions adsorbed at the interface below the capillary more than the surrounding area. Consequently, the Marangoni convection along the interface from the area below the capillary to the wall of the cell was brought about by the generation of the heterogeneity of interfacial tension. The convection can transfer the ions from the region below the capillary outlet toward the interface, which results in an abrupt adsorption of the surfactant ions at the interface. This is the reason for the oscillation. Next, we concentrate on the origin of the periodic patterns. When the ions have small interfacial activity, the magnitude of convection should be small because the two-dimensional heterogeneity of the interfacial tension is also small. Table 1 gives the maximum interfacial flow speed of interfacial expansion estimated from the movement of carbon powders for each SC(n)S during the first oscillation. The speed for the SC(6)S was slower than that for the SC(14)S. It followed that the extent of expansion of interface for the SC(6)S was also smaller than that of the SC(14)S system. Generally speaking, this means that, for the systems concerning ions with small surface activity, the convection is suppressed soon, and the adsorption process enforced by the convection is damped. Because the concentration of surfactant ions in the bulk phase was small, except below the capillary, surfactant ions adsorbed at the interface were likely to desorb into the bulk. Hence, desorption processes became dominant unless ions were transferred by convection. However, some time later, the following oscillation could occur due to the ions being transferred by continuous injection. Therefore, a periodic pattern appeared. During the periodic pattern, because there were few surfactant ions both in the aqueous phase and the oil phase, the desorption both into the aqueous and oil phase should occur. Here, it does not matter whether the main process is that into the water phase or the oil phase. The most important point is that a desorption process occurs somewhere.
With respect to the phenomenon concerning the surfactant ions with strong surface activity, we can give the following explanation. In this case, the Marangoni convection and adsorption of ions are more intense than the above. As noted in the section above, regardless of how intense the convection may be, it will be damped, and the desorption process should occur sometime later. However, here, a reminder is necessary that the convection had continued after the oscillation in the bulk phase for a long time. What is important is that some of the adsorbed ions transferred to the edge of the cell should desorb into the bulk phase. This desorption leads to an increase of the interfacial tension, which should be larger than that below the capillary. Therefore, it is possible that the convection can also occur by the desorption of surfactant ions. If the surface activity of the ion is small, such convection hardly occurs. In other words, the convection was kept at both the adsorption and desorption sites because of the highly surface-active properties of the ions. Because this quasi-steady state actually included adsorption and desorption processes, the electrical potential gradually approached the equilibrium value.
Conclusion
We successfully observed the oscillations of interfacial tension and electrical potential during the adsorption and desorption processes of surface-active ions at the water/nitrobenzene interface using homologous surface-active materials, sodiumalkyl-sulfates. The oscillation pattern consisted of the repetition of abrupt adsorption and gradual desorption. We discovered two types of oscillation: a periodic adsorption and desorption process appeared when we used a small surfactant with a short carbon chain, but disappeared when we used a large surfactant with a long carbon chain. All of the oscillation accompanied the flip motion of the interface (Marangoni convection). We monitored the movement of the interface by taking photoimages with a CCD camera. From an analysis of the photo images and the observation of the flow in the interface and the bulk, we found that the longer was the hydrophobic chain, the larger did the flow become. Such a large convection was not easily damped, and caused the periodicity of the oscillatory patterns to disappear.
Kovalchuk and Vollhardt reported the surface tension oscillation at the water/air interface with homologous alcohols from pentanol to nonanol. 17 According to their experiments, an oscillation of the surface tension was observed in all of the materials, and the oscillation period decreased with a decrease of the carbon chain length. Although the examined interface and materials in their experiments were different from those of ours, it is interesting that the observed phenomena were similar to ours and that the proposed mechanism was also discussed by the generation of Marangoni convection. Their and our results imply that the oscillation phenomenon is not a specific feature of the limited materials. Comparing the phenomena at the liquid/liquid interface to that at the liquid/air interface, the former are much more complicated than the latter because ions or molecules from another side could exchange or react with each other at the liquid/liquid interface. Therefore, there is, of course, room for further investigation about the reaction rate or mass transfer processes during the oscillations; we can say that the oscillation pattern has a significant relationship with the surface activity and the interfacial flow. 
